Abstract
Introduction
Longitudinal studies are concerned with bias due to attrition, because over time it may compromise the ability to fully represent the diversity of the populations they aim to study.
Moreover, if attrition is systematically related to outcomes of interest or to respondent characteristics correlated with these outcomes, then estimates of the relationships between characteristics and outcomes may also be biased, especially when examined longitudinally.
For studies of older populations, attrition bias on cognitive function is of particular concern. Unlike most other dimensions of study for which there is no strong a priori theoretical basis to predict a direction of bias, level of cognitive function is fundamentally related to participation in surveys. Surveys are complex conversations that become progressively more difficult as cognitive abilities decline, with the result that the cognitively impaired are less likely to participate or may even be excluded from participation. At the same time, cognitive impairment is one of the most important topics to be studied in longitudinal studies of ageing populations, because of its debilitating effects and the tremendous burden it can place on families and societies (Langa et al 2001; Ferri et al 2005) . Cognitive abilities decline with age generally, and serious impairments and dementia rise sharply in prevalence with age (Brayne et al 1999; McArdle, Fisher and Kadlec 2007; Plassman et al 2007) . Accurately capturing the prevalence and burden of dementia is an important aim of longitudinal studies of ageing; however, the prevalence of cognitive impairment will be underestimated in analyses that do not take into account attrition bias on cognitive function where it exists. (Boersma et al 1997; Brayne et al 1999; Chatfield and Brayne 2005) .
Prior research on other longitudinal studies of older populations has tended to find the expected correlation of attrition with cognitive deficits (Anstey and Luszcz 2002; Matthews and Chatfield 2004; Chatfield and Brayne 2005; Van Beijsterveldt and Van Boxtel 2002) . While such findings, together with the strong theoretical expectation of bias, motivate a study of the issue in other studies, one cannot assume that such bias is similar across all studies. Different studies place different demands on respondents and different studies have different approaches to retaining participants. The goal of this paper is to assess to what extent attrition biases the representativeness of the Health and Retirement Study (HRS) and the English Longitudinal Study of Ageing (ELSA) with respect to their population distributions of cognitive ability and whether the use of proxy interviews reduces this bias.
Methods

Samples and response status
Data for these analyses come from the HRS and ELSA -both biennial, longitudinal, nationally representative surveys of, US adults aged 51 and older, and English adults aged 50 and older, respectively (Juster and Suzman 1995; Marmot et al 2003) . The samples for these analyses come from all available waves of data from each study -1992 to 2008 from HRS, and waves 1 to 3 from ELSA (collected in 2002 to 2007)(for more details on sample size and response rates to the HRS and ELSA see Cheshire et al 2011) . For our initial set of analyses we categorized the response status of sample members in any given wave into three categories: interviewed, nonresponse (consisting of both refusals and permanent attritors), and death.
In subsequent analyses, response status was expanded to four categories to distinguish self-interviews from interviews by proxy.
In longitudinal studies it is important to be clear about the definitions of non-response and attrition. The term attrition properly denotes a permanent departure of a surviving participant from the study sample, never to return. It excludes exits due to death. It gained common usage in the past in longitudinal studies like the Panel Study of Income Dynamics (PSID) in which a single wave of refusal resulted in being dropped from the sample. That is no longer best practice in longitudinal surveys. Indeed, the return of participants after missing a wave is crucial to maintaining their representativeness (Kapteyn et al 2006) . As a result, the concept of attrition now has several disadvantages for understanding possible bias or unrepresentativeness over time in a longitudinal study. Firstly, it is subject to arbitrary definition by the field organization and the variable consent standards imposed by different ethics boards. Should someone who has refused four waves in succession be dropped permanently (attrited) or kept on in hopes of a return with potentially costly future contacts? What type of refusal should be taken as a permanent refusal?
More importantly for our interests here, a narrow focus on permanent attrition would miss the potentially larger problem of nonresponse.
Non-response is sometimes defined by survey organizations to focus only on response patterns of persons remaining in the sample. In that definition, permanent attrition is excluded from non-response. In this paper we define non-response more broadly to include both permanent attrition and non-response of persons in the sample. We therefore begin with the concept of non-response without separation between those who are permanently removed from the study and those who remain eligible. It is important, however, not to confuse mortality with non-response. Mortality affects the population we are trying to represent over time, and it should affect the sample similarly. Both HRS and ELSA use linkage to national death registries to ascertain mortality for attritors and to validate reported deaths of participants. For each survey year, we consider as eligible to respond not only those participants who were in the active sample, but also those who had previously been removed from the sample. We remove from the eligible pool those who were in the active sample, but reported deceased during the survey year, and also those who had been removed from the active sample and whose deaths as reported in the national death registries occurred prior to the midpoint of the survey year.
Those who were eligible and in the active sample could either provide an interview in that year, or not. By our definition, non-respondents also include those permanent attritors who had been removed from sample and so were not contacted for interview but remained alive.
Cognitive measures
In both HRS and ELSA, cognitive function is assessed through several questions. Detailed information and documentation for the full set of cognitive measures in each study, including their derivation, reliability, and validity, are available at the HRS (Ofstedal, Fisher and Herzog 2005) and ELSA (Taylor et al 2007) websites. For these analyses, only performance on the episodic memory tasks was considered. Performance on these tasks was chosen because it is a sensitive measure of cognitive change and has been used in previous comparisons between HRS and ELSA . The episodic memory tasks integrated in these surveys consists of testing for verbal learning and recall, where the participant is asked to memorize a list of ten common words. Scores were calculated by totaling the number of target words respondents were able to remember immediately after hearing the list (immediate recall) and after a series of distraction items (delayed recall). Scores could range from 0, with no word correctly remembered, to 10, with every word correctly remembered for each task.
Proxy interviews -Unlike most longitudinal surveys, the HRS integrates the use of proxy informants into the sample design. This design was adopted in order to minimize the effects of attrition and non-response due to ageing and ageing-related health-conditions. Whenever possible, interviewers are instructed to interview sample members; however, some individuals are unable to complete an interview because of physical or cognitive limitations, or because they are unwilling to participate themselves. In the HRS, most proxy interviews are designated as such at the beginning of the interview. Either the respondent or their spouse or other family member indicates, prior to the interview, that the respondent is unable to participate. In other cases, the respondent is willing to be interviewed and a selfinterview is started, but the interviewer has concerns about the respondent's ability to provide accurate information. Specifically, an unusually long interview time during the initial part of the survey, more than a threshold number of "don't know" responses, and poor performance on the cognition items triggers the interviewer to seek a proxy and begin the interview again. Proxy interviews are conducted with someone who is familiar with the financial, health, and family situation of the sampled individual. In practice, this is generally the spouse or partner of the sampled respondent. In the absence of a spouse, the proxy is often a daughter or a son, or less frequently, another relative or a caregiver.
In the HRS, the proxy interview is a separately programmed and worded interview.
For most questions, this involves only wording changes (e.g. from "you" to "him" or "her"), but some questions that are thought to be inappropriate to ask of proxies are omitted entirely. These include questions intended to assess depressed mood; the test of cognitive status; subjective expectation questions; and questions asking for subjective evaluations of the person's job or retirement.
Because the cognitive performance tests cannot be conducted with a proxy respondent, a different set of measures is used in the proxy interview to assess the respondent's present cognitive status and change in status between waves. Proxy respondents are asked to rate the respondent's overall memory and change in memory compared to the prior wave, as well as their behavior in terms of overall judgment and organization of daily life. With regard to memory, proxy respondents are asked a series of questions about the respondent's change in memory for various types of information in the last two years. These questions are adapted from the short form of the Informant Questionnaire on Cognitive Decline in the Elderly (IQCODE; Jorm and Jacomb 1989; Jorm 1994) . While the cognitive measures for proxy and self-respondents are not the same and so cannot be used interchangeably, they can each be used to arrive at comparable broad categories of cognitive impairment, and these categories can be used to study the impact of cognitive impairment on, e.g. the use of formal medical care and informal caregiving (Langa et al 2001; Langa et al 2004) or the impact of other health events on cognitive impairment (Iwashyna et al 2010) .
Proxy respondents are also used in ELSA, although the rules for who is eligible for a proxy interview have changed over time. In the first three waves of ELSA used in this paper, proxies were used only in cases where the respondent was away in a hospital or nursing home throughout the whole fieldwork period, or because they had refused a self-interview. Beginning with Wave 4 (not available for these analyses), respondents were also eligible for a proxy interview if they could not be interviewed in person because of a physical or cognitive impairment.
Additional data
Additional data come from Medicare claims records for 1991-2007 linked to 16,977 HRS respondents.
These files contain information collected by Medicare (the US national health insurance program for the elderly and disabled) to pay for health care services provided to a Medicare beneficiary.
Only respondents who were continuously enrolled in the Medicare fee-for-service program in the preceding five years were considered. Thus, the approximately 12 percent of respondents who had ever opted to receive their Medicare benefits through a managed care organization were excluded, because managed care providers do not report information about utilization and diagnosis in the Medicare claims files.
Respondents were classified as having received a dementia diagnosis if they had a claim reporting at least one diagnosis code (ICD-9-CM) included in the list of codes that comprise the Chronic Condition Warehouse definition of "Alzheimer's Disease and Related Disorders or Senile Dementia" in any of the Medicare claims files, including: inpatient, outpatient, part B physician supplier, Skilled Nursing Facility (SNF), hospice, and durable medical equipment files. This claims-based diagnostic measure does have reasonable sensitivity and specificity for dementia (0.85 and 0.89 for dementia, and 0.64 and 0.95 for Alzheimer's disease, respectively; see Taylor 
Analysis
We evaluate the role of attrition on bias in cognition in four parts. We begin with a description of the studies and patterns of non-response in the HRS and ELSA. Second, we offer a measure of the bias in cognition arising from non-response in both surveys, by comparing baseline values of cognition between respondents and all survivors at each followup wave, both with and without using sampling weights.
Next, we ask how important proxy interviews are to response rates and the containment of attrition bias, by repeating the above comparisons using only self-respondents and treating proxy interviews as non-response. Finally, we use the HRS linkage to Medicare records, to answer the question of whether the development of diagnosed dementia post-baseline increases the likelihood of subsequent non-response. Table 1 presents descriptive statistics from baseline interviews in the two studies. The HRS sample was built up over time, with different birth cohorts entering at different times. We show baseline statistics for each cohort, and for all cohorts combined. ELSA began in 2002 with a sample of persons 50 years of age and older. Cognitive scores vary with age, being lowest in the two oldest cohorts of the HRS sample. Overall, cognition is slightly higher in HRS than in ELSA and the HRS sample of baseline interviews is slightly younger than the ELSA baseline (because of the addition of younger cohorts in 1998 and 2004 after the study sample had begun to age). Both studies have slightly more women than men, reflecting the gender composition of older populations in which women live longer. We note that for the purposes of the analyses that follow, modest differences in baseline composition by age or cognition between the two studies is of no consequence. Table 2 shows the response rates of survivors in HRS and ELSA. Because the HRS sample was built up over time, with different birth cohorts entering at different times, we show these rates separately for each entry cohort. There are some modest differences across the HRS cohorts, with the older entrants having better response rates. Most of these contrasts are statistically significant but they are not important for our analysis, and are small relative to the differences between HRS and ELSA. We also provide data for all HRS cohorts combined to facilitate comparison with ELSA. At wave 2 the HRS combined response rate was 92.4%, indicating a loss of less than 8% from baseline. Response rates are much lower in ELSA where nearly 20% of the surviving baseline sample members did not give an interview at wave 2. The losses are smaller at subsequent waves, due in part to the practice of bringing back people who missed a wave. By wave 3, non-response in HRS was 10%, compared with 27.5% in ELSA. The large differences in response rates between HRS and ELSA are highly statistically significant. 
Results
Descriptive statistics
Attrition and non-response
Bias in distribution of cognition
Our concern here is with a bias in sample composition due to higher rates of non-response among persons with lower levels of cognition, not with any possible bias in the measures of cognition. The magnitude of sample composition bias on cognition will depend on both the amount of nonresponse and the extent to which non-respondents differ from respondents in their level of cognitive function. In fact, bias, defined as the difference between cognition among the interviewed and the cognition of all survivors, will be equal to the product of the non-response rate and the difference in mean cognition between responders and non-responders. There are numerous ways to look for bias in longitudinal data. Here, we measure it by comparing the baseline values of cognition between respondents and all potential respondents. This measure asks the question: were those who stay in the study and respond in future waves different at baseline from the average? Table 3 shows our measure of bias in cognition at each follow-up wave of the two studies. The bias measure is the difference in baseline cognition between responders at wave t and all survivors to wave t. A zero means there is no bias. A positive number indicates that responders were somewhat higher on cognition at baseline, and a negative number would indicate that they were lower. Our hypothesis is that respondents will be selected from among those with better cognition, and our tests of statistical significance therefore are based on a onetailed test of the null hypothesis of no difference against that alternative. For the individual HRS cohorts, the magnitude of bias is not statistically significantly different from zero. However, in general a small bias emerges immediately and then does not grow very much over time, even though response rates continue to fall. When all the HRS cohorts are combined, the magnitude of bias is marginally significant statistically at the first and second waves only. In ELSA, by contrast, the magnitude of bias is nearly four times greater than in HRS, and it is statistically significantly different from both zero and the HRS bias level at p<.001.
ELSA has approximately twice as much nonresponse as HRS (Table 2 ) but three to four times as much bias in cognition measurement due to nonresponse (Table 3) . Since bias is equal to the product of non-response and the difference between responders and non-responders, that suggests that non-response in ELSA is more selective of lowcognition respondents than is non-response in HRS.
One possible solution to biased non-response is to adjust sampling weights for characteristics related to non-response. HRS sampling weights adjust for only a small number of demographic characteristics (age, marital status, race and ethnicity and cohort of entry). ELSA weights are based on a wider range of variables, but neither study explicitly models nonresponse propensity on cognitive ability. Details on the calculation of sample weights in the HRS (Heeringa and Connor 1995) and ELSA (Taylor et al 2007) can be found online. The conventional sampling weights for HRS are for the community-dwelling population only. To properly evaluate the effects of attrition and non-response it is important to include nursing home residents for which the HRS has now begun to issue sampling weights. Table 4 shows the impact of using sampling weights. In both countries the use of current-wave sampling weights for respondents helps to reduce the bias in cognition from non-response, but it does not fully eliminate the bias. At wave 2 the bias in ELSA continues to be greater than both zero and the HRS bias at significance levels of p<.001. 
The role of proxy interviews
The HRS makes extensive use of proxy interviews-nearly 10% of interviews in most waves are completed by proxies because respondents are either unable or unwilling to do the interview. By contrast, fewer than 3% of ELSA interviews in waves 2 and 3 were completed by proxies. It is very likely that the use of proxies in HRS contributes to the overall higher response rates shown in Table 1 above. In order to determine whether the use of proxies might also contribute to the lower levels of bias in HRS, we repeat the comparisons of Tables 1 and 2 above, with proxy interviews treated as non-response, instead of as completed interviews. Tables 5 and 6 do the same  comparisons as in Tables 2 and 3 , except that we treat HRS proxy interviews as if they were nonresponders, and only self-interviews count as response.
Without proxies, HRS response rates as shown in Table 5 are considerably lower than rates in Table 2 , especially for the oldest cohort (AHEAD). For all cohorts, the response rate is about eight percentage points lower. ELSA uses very few proxies, so its selfinterview response rates are similar to the overall rates in Table 2 . Nevertheless, HRS response rates are still 4.8 percentage points higher than ELSA at wave 2, and 9.2 percentage points higher at wave 3, and those differences remain strongly significant statistically. The use of proxies, then, is not the only factor in higher HRS response rates. In Table 6 , we see that the amount of bias on cognition in HRS would be much greater without proxy interviews, and in most cases statistically significant. Indeed, at the second follow-up, bias would be nearly identical to that in ELSA if it were not for the proxy interviews taken in HRS, and the differences between studies are not significant at either the first or second follow-ups. Thus, while proxies are only a partial explanation for the overall higher response rates in HRS, they appear to be nearly a complete explanation for the much smaller bias in cognition. We can directly assess the importance of proxies at mitigating bias by looking at non-response rates by level of cognition in the prior wave. This is done in Figure 1 . In ELSA, non-response is very high among those who scored poorly on the cognitive measure, and declines rapidly to about the midpoint of the range of cognition. High cognitive function is associated with a somewhat higher response compared with average function, but average and high cognitive groups have much better response than those with low cognitive function. In HRS there is virtually no association of response with prior-wave cognitive function, particularly at the low end of cognition. However, if we again treat proxy interviews as if they were non-respondents, we see an association of cognition with non-response that very much mirrors the ELSA pattern, albeit at somewhat higher overall response rates. 
Using Medicare records to study post-attrition outcomes
Although the ability to study the association of non-response with characteristics measured in previous waves is a notable strength of longitudinal studies compared with new cross-sections, there is still the question of whether events occurring after the last interview taken with a respondent (and therefore unobserved in the panel survey) might have influenced subsequent non-response. The HRS now has the ability to study such events through its administrative linkage to Medicare records. The HRS asks everyone who reports coverage by Medicare, which is available to nearly everyone from the age of 65 on, to consent to a linkage to Medicare. Once given, the consent applies to all past and future years of Medicare data unless revoked. When someone declines to do an interview, uses a proxy informant, or asks never to be interviewed again, the consent to link to Medicare records they gave during a previous interview remains valid. This allows us to continue to observe health events for some participants after the date of their last interview.
From the Medicare records we determine the earliest date of a claim bearing a dementia-related diagnosis. For every survey year, we construct a variable indicating whether the person had ever had a dementia diagnosis in his or her Medicare records in that year or any prior year. To allow enough years of Medicare observation to establish a diagnosis, we limit the analysis to persons 70 years of age and older in years 1998 and after. Table 7 shows the number of surviving participants in each year, the percentage of those who gave an interview, the percentages of interviewed and non-interviewed with Medicare To show again the importance of proxy interviewing, Table 8 compares claims-based dementia diagnosis rates for self-interviews, proxy interviews, and the non-responders, and computes a hypothetical bias estimate by treating proxy interviews as non-responders. Without the proxy interviews, the bias from using self-interviews only is about three times as large as what was shown in Table 8 when proxies were included with the interviews. The small bias found in Table 8 for 2004 and 2006 may be more apparent than real. The inference of bias assumes that respondents and non-respondents are similar in all other respects. In fact, they differ in age, which is an important determinant of dementia rates, and has a modest correlation with response rates, and so is a confounder of the relationship of dementia to subsequent non-response. Comparing respondents to non-respondents, the nonrespondents with linkage were about a year and a half older than respondents with linkage. Thus, the unadjusted comparison in Table 8 is likely to overstate the difference in age-adjusted rates of dementia between respondents and nonrespondents.
We show the effect of controlling for age by means of logistic regressions in Table 9 . In 2000 and 2002, the odds ratio for giving an interview was .88 for those with a dementia diagnosis compared to those without, and was not statistically significantly different from 1.0 (no effect).
When age was included in the model, the OR for dementia became exactly 1.0. In 2004 and 2006, the OR for an interview with someone with a dementia diagnosis was .75 and this was statistically significant, meaning the unadjusted effect of a dementia diagnosis was to lower the odds of giving another interview. When age was included, the OR rose to .95 and was no longer statistically significant. Thus, the relatively small apparent bias in the most recent waves of HRS is largely an artifact of the age composition of the groups used to make that inference. Other confounders may also be at work, but controlling for age alone is sufficient to explain the small difference in interview rates between those with and without a diagnosis of dementia. 
Discussion
We use several different analytical approaches to assess the extent of sample composition bias on cognitive function due to attrition and non-response in longitudinal surveys. We find that the use of proxy interviews in the HRS essentially eliminates such bias, and demonstrate the magnitude and importance by comparison with ELSA, in which proxies are used much less frequently and in which attrition bias in cognition is much greater.
It is possible that the choice of cognition measure we used to assess bias could affect the findings. Other studies that have demonstrated a selective non-response bias related to cognition have used the Mini-Mental State Examination (MMSE) as their measure of cognitive performance (Brayne et al 1999; Anstey and Luszcz 2002; Matthews and Chatfield 2004) . The MMSE tests some other domains of function besides the episodic memory domain used here. However, independent analyses examining the relationship between cognitive functioning and attrition in the HRS using other cognitive domains, also found that poor cognitive status increased the likelihood of a proxy interview but did not have a significant effect on the overall response rate (Ziniel 2008) .
Using linked Medicare administrative records for the HRS only, we were able to go beyond conventional analytic approaches, that rely on observations at earlier waves to assess attrition bias, by a direct comparison of post-attrition outcomes of attritors to those who stay in observation. Here, too, we find that proxy interviewing, as implemented in the HRS, is both essential and sufficient to eliminate bias.
Proxy interviews are not a perfect substitute for interviewing a respondent because not all the measures obtained from a respondent can be obtained through a proxy. Nevertheless, compared with the failure to fully represent the frail and cognitively impaired in longitudinal studies of ageing, the loss of a few measures is of less importance. The use of proxies should be standard practice in studies that aim to fully represent the range of functioning in older populations.
While longitudinal studies differ in their objectives, sampling strategies, and methodologies, as well as in their levels of non-response over time, the issue of assessing the effect of panel nonresponse is salient to all of them. Attrition and attrition-related characteristics are often cited as a potential source of bias in panel studies; however, what is clear from these results is that this potential does not affect all studies to the same degree. Analysis of non-response in other longitudinal studies has also shown that while non-response in samples of older persons is not random, non-random nonresponse does not always produce bias of any consequence (Mihelic and Crimmins 1997) . In the case of the HRS, we find that employing the use of proxy respondents ameliorates the potential biasing effect of cognition-related non-response. Indeed, others have noted that it is possible to retain the very old and very frail in a panel study with appropriately designed field methods (Tennstedt et al 1992; Deeg 2002) . Insight into respondent-related determinants of response, both at baseline and subsequent followups, should be used to inform sample retention and refusal conversion protocols, to minimize attrition bias in longitudinal studies.
